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This paper presents a numerical study of gas and solid ﬂow in an internally circulating
ﬂuidized bed (ICFB). Two-ﬂuid Eulerian model with kinetic theory of granular ﬂow
option for solid phase stress closure and various drag laws were used to predict the
hydrodynamic behavior of ICFB. 2D and 3D geometries were used to run the simulations.
The 2D simulation results by various drag laws show that the Arastoopour and Gibilaro
drag models able to predict the ﬂuidization dynamics in terms of ﬂow patterns, void
fractions and axial velocity ﬁelds close to the experimental data. The eﬀect of superﬁcial
gas velocity, presence of draft tube on solid hold-up distribution, solid circulation pattern,
and variations in gas bypassing fraction for the 3D ICFB are investigated. The mechanism
governing the solid circulation and solids concentration in an ICFB has been explained
based on gas and solid dynamics obtained from the simulations. Predicted total granular
temperature distributions in the draft tube and annular zones qualitatively agree with
experimental data. The total granular temperature tends to increase with increasing
solids concentration in the dilute region (ε < 0.1) and decreases with an increase of
solids concentration in the dense region (ε > 0.1). In the dense zone, the decreasing
trend in the granular temperature is mainly due to the reduction of the mean free path
of the solid particles.
Keywords: Internally circulating ﬂuidized bed; two ﬂuid model; solid recirculation rate;
hydrodynamics.
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Nomenclature
CD : Drag coeﬃcient
dp : Particle diameter (m)
es : Coeﬃcient of restitution
g : Acceleration due to gravity (m/s2)
go(εs) : Radial distribution function
Gs : Solid recirculation rate (kg/m2s)
I : Unit tensor
k : Diﬀusion coeﬃcient of granular temperature (kg/ms)
P : Pressure (N/m2)
Ps : Granular pressure (N/m2)
R : Radius of ICFB (m)
r : Draft tube radius (m)
Rep : Particle Reynolds number
Ua : Superﬁcial velocity in the annulus (m/s)
Ud : Superﬁcial velocity in the draft tube (m/s)
Vrs : Terminal velocity (m/s)
v
′
s : Ensemble averaged magnitude of the randomly ﬂuctuating
velocity of the solid particles (m/s)
vs : Solid velocity (m/s)
vg : Air velocity (m/s)
Greek Symbols
β : Inter-phase momentum transfer coeﬃcient (kg/m3s)
λs : Granular bulk viscosity (kg/ms)
µs : Solid viscosity (kg/ms)
µg : Gas viscosity (kg/ms)
π : Irrational number
Θs : Granular temperature (m2/s2)
εg : Air volume fraction
εs : Solid volume fraction
γ : Collisional dissipation of energy (kg/m3s)
φs : Transfer rate of kinetic energy (kg/m3s)
ρg : Air density (kg/m3)
ρs : Solid density (kg/m3)
τg : Gas stress tensor (N/m2)
τs : Solid stress tensor (N/m2)
Subscripts
g : Gas phase
s : Solid phase
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1. Introduction
Gas–solid ﬂuidization by conventional circulating ﬂuidized beds (CFB) are common
in various industrial operations such as coal combustion and gasiﬁcation, inciner-
ation of municipal solid waste, catalyst regeneration, thermal cracking and drying
[Burugupalli (1988); Kim et al. (1997, 2000); Yang et al. (2008)]. They require very
tall column as a solid raiser and accompanying additional external circulation of
solids through a cyclone. In order to avoid external circulation accessories, a com-
pact internally circulating ﬂuidized bed (ICFB) was developed, which is a modiﬁed
spouted ﬂuidized bed with a draft tube inside the column to avoid problem of gas
bypassing. An ICFB is having a centrally located draft tube that divides the bed
into two or more sections and thus promotes solid circulation within a single ves-
sel [Burugupalli (1988); Chatterjee (1970); Kim et al. (1997); Yang and Keairns
(1978)]. This ICFB reactor has many advantages such as its compact size and the
annular section act as heat sink because riser is located inside the vessel [Jeon and
Kim (2010); Milne et al. (1992)]. The ICFB reduces the height of conventional CFB
riser and construction cost, solves the problems of CFB, makes highly eﬃcient and
low pollution combustion for a wide range of fuels. In ICFB, the draft tube (or riser)
was ﬁxed directly to the gas distributor of the riser section [Kim et al. (2002)].
In recent years due to advances in high performance computers and numeri-
cal algorithms, the computational ﬂuid dynamics (CFD) technique has become a
fundamental element of research in simulating gas–solid multiphase ﬂow systems
[Mujumdar and Wu (2008)]. Thus many researchers have put considerable eﬀort
in validating the CFD models in order to achieve fundamental and accurate model
for these systems. One of the diﬃculties to validate CFD models using experimen-
tal measurements is the computational eﬀort needed to perform three-dimensional
(3D) simulations of dynamic behavior of industrial scale ﬂuidized beds.
In the past, a number of computational studies on ﬂuidization indicated that
the drag force between particle and ﬂuid plays an important role in predicting the
ﬂow structure of CFBs [Beetstra et al. (2007); Helland et al. (2007); McKeen and
Pugsley (2003); Yang et al. (2003); Zimmermann and Taghipour (2005)]. Several
speciﬁc drag models have been developed to calculate the inter-phase momentum
exchange in ﬂuidized beds [Gidaspow (1994); Syamlal and O’Brien (1989); Wen
and Yu (1966)]. Many researchers have simulated the circulating ﬂuidized bed of
ﬂuid catalytic cracking (FCC) particles using the classical drag models [Benyahia
et al. (2000); Chan et al. (2005); Neri and Gidaspow (2000); Zheng et al. (2001)].
However, few successful simulations were reported on dense ﬂuidization of Geldart
A particles. The CFD modeling of a bubbling FCC ﬂuidized-bed reactor by Zim-
mermann and Taghipour [2005] showed that the Syamlal–O’Brien and Gidaspow
drag models overestimated the momentum exchange between the gas and the solid
phase and the bed expansion in comparison to the experimental data. The eﬀect of
various drag models on hydrodynamics behavior of gas–solid ﬂuidized beds was also
compared by VanWachem et al. [2001]. They found that the expression suggested by
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Syamlal–O’Brien [1989] model underpredicts the pressure drop, bed expansion and
bubble diameter compared to the experimental data. McKeen and Pugsley [2003]
simulated a freely bubbling bed of FCC particles with a two-ﬂuid model (TFM). It
was found that the generally poor simulation results for Geldart A particles could be
attributed to the existence of signiﬁcant cohesive inter-particle forces. Hosseini et al.
[2009] simulated the bubbling ﬂuidized bed of FCC particles at high superﬁcial gas
velocities and demonstrated the sensitivity of their system to the model’s parame-
ters such as drag function, restitution coeﬃcient, and maximum solid packing limits.
They have observed signiﬁcant errors between the predicted bed expansion ratios
in comparison to the experimental data. Using the Gibilaro’s drag model [1985]
with a suitable scale factor, it was found more reasonable hydrodynamics results.
In addition to the gravitational and the drag forces, several researchers have also
shown that the frictional stresses play an important role in the modeling of a ﬂu-
idization process [Abu-Zaid and Ahmadi (1990); Huilin et al. (2004); Passalacqua
and Marmo (2009); Patil and van Sint Annaland (2005); Patil et al. (2005); Reuge
et al. (2008); Shuyan et al. (2009); VanWachem et al. (2001)]. Abu-Zaid and Ahmadi
[1990] developed a simple kinetic model for ﬂow of nearly elastic granular materi-
als in the grain-inertia regime. They showed that frictional losses have the same
eﬀects as energy dissipation due to the inelasticity of granular particles. Reuge
et al. [2008] and Hosseini et al. [2009] found excellent simulation results using the
frictional model of Srivastava and Sundaresan [2003], when compared with the fric-
tional models of Syamlal et al. [1993] and Johnson and Jackson [1987] for bubbling
ﬂuidized bed and spouted bed with a nonporous draft tube, respectively.
Understanding of the hydrodynamics of ICFB is still far away from its matu-
rity when compared to CFBs. However, only few researchers have attempted to
study the ﬂow patterns in the ICFB in which most of the studies are limited two
dimensional. In the early 2000s numerical model established based on the mass
and momentum conservation equations to describe the complex hydrodynamics of
ICFB reactor [Marschall and Mleczko (1999)]. Zhao et al. [2008] studied the parti-
cle motion in a two-dimensional thin slot-rectangular spouted bed with draft plates
using particle image velocimetry (PIV). CFD simulations for grains of 0.22, 2.0,
3.7 and 1.0mm diameter with the ICFB, conﬁrmed that ﬂuctuations are caused
by particle clusters originating at the bottom of the column [Szafran and Kmiec
(2007)]. Solid particles were seen to cross into the jet, cover the column inlet, and be
transported periodically through the draft tube, which is contrary to the ﬁndings
of Zhao et al. [2008]. The ﬂuctuating solids inﬂow produces slugs and explains vari-
ations in fountain height and porosity. Modiﬁed and extended scaling relationships
were proposed by Shirvanian and Calo [2004] for conical-based rectangular spouted
vessels with draft tube. The eﬀect of superﬁcial gas velocity, position of the draft
tube and type of sparging action on the ICFB solid hold-up and the solid circu-
lation patterns studied through physical experiments and 2D CFD simulations by
Ahuja and Patwardhan [2008]. Hosseini et al. [2010] predicted the hydrodynamics
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of ICFB reactor with 2D CFD integrating kinetic theory of granular ﬂow (KTGF)
to achieve accurate simulation of the gas–solid ﬂuidized beds. They demonstrated
with that the adopted CFD model can capture the key features of an ICFB system,
fast ﬂuidization in the reaction chamber, bubbling ﬂuidization in the heat exchanger
chamber and solid circulation between the chambers [Feng et al. (2012)]. Although
2D pseudo simulations predict the hydrodynamic parameters reasonably correct,
but the accurate prediction of solids volume fraction distributions and its associ-
ated ﬂuctuate velocity components via granular temperature equations is only pos-
sible with 3D simulations. Very little literature exists on the granular temperature
proﬁles of ICFB’s, in which downward moving annulus bed of solids signiﬁcantly
inﬂuence the draft tube riser solids dynamics unlike risers in the CFBs. 3D simula-
tions of ICFB are virtually nonexist. Usually fast ﬂuidized beds are always dynamic
and turbulent in nature, to account this turbulence 2D simulation is not able to
predict the dynamics correctly due to less space availability in 2D.
The work reported in this paper is aimed to develop a CFD-model for the
hydrodynamic study of 2D and 3D ICFB reactors. The two-ﬂuid ﬂow CFD model
along with the k–ε turbulence model and solid stress closer from KTGF is used for
simulating the gas–solid ﬂow pattern. With the help of these simulations the instan-
taneous and the time-averaged pressure drop proﬁles and the solid volume fractions
within the draft tube and the annulus section of ICFB are calculated. Further, the
ﬂow ﬁelds, i.e., volume fractions and velocity distributions are predicted for diﬀerent
size particles in the range of 86–250µm. A series of 2D-ICFB CFD simulations were
also run to validate the CFD model predictions against the Ahuja and Patwardhan
[2008] experimental data. This CFD methodology also adopted to investigate gas–
solid ﬂow dynamics for the large scale 3D ICFB geometry extensively. An attempt to
compute the granular temperature for 3D ICFB and its validation against literature
experimental data is made.
2. Methodology
2.1. Eulerian–Eulerian model equations for gas–solid
flow with KTGF
In the present study, it is proposed to solve the governing equations of mass, momen-
tum and granular energy for both the gas and solids phase by means of a TFM
approach incorporating the KTGF available in the commercial software package
ANSYS’s FLUENTTM. To solve the set of equations, closures laws are required.
The closure relations based on the KTGF are utilized. The details of closure mod-
els, physical properties and simulation parameters used in this study are described
in the following sections. The partial diﬀerential TFM equations for explaining par-
ticle and ﬂuid ﬂows in the ﬂuidized bed [Patankar (1980)] were adopted for the 2D
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and 3D ICFB. The continuity equation in the absence of mass transfer between the
phases is given for each phase as follows
Continuity equations
∂
∂t
(εgρg) +∇ · (εgρgvg) = 0, (1)
∂
∂t
(εsρs) +∇ · (εsρsvs) = 0, (2)
εg + εs = 1. (3)
Momentum conservation equations
∂
∂t
(εgρgυg) +∇ · (εgρgυgυg) = ∇ · τg + εgρgg − εg∇P + β(υg − υs), (4)
∂
∂t
(εsρsυs) +∇ · (εsρsυsυs) = ∇ · τs + εsρsg −∇Ps
− εs∇P + β(υg − υs). (5)
2.2. Solid phase stress model formulations
To close the solid phase momentum transport equations, the solid phase stresses
should be described. The kinetic theory concept can be used for calculating the eﬀec-
tive stresses of the solid phase resulting from direct collision and particle streaming.
These concepts are used when the granular motion is dominated by collision inter-
actions. In the modeling of granular ﬂow, particles are modeled in analogy to gas
molecules; hence the granular temperature may be deﬁned in analogy to the tem-
perature of gas. In this, a relation exists between molecules random motion and
temperature. The granular temperature is a measurement of the random ﬂuctua-
tions of the molecules in any substance. Random ﬂuctuations are at a micro level in
the molecules. This theory is extended to the macro scale where the molecules are
substituted with particles. This approach is referred as the KTGF and as described
by Lun et al. [1984]. The solid pressure is composed of a kinetic term and a second
term due to particle collisions as follows [Lun et al. (1984)]. KTGF has become a
very key tool for modeling gas–particle ﬂuidized bed. Various studies on the hydro-
dynamics of gas–solid ﬂuidized bed incorporating the KTGF have shown this theory
as the promising approach. These studies were also conducted by various researchers
[Sinclair and Jackson (1989); Benyahia et al. (2000)]. The kinetic energy of granu-
lar mean ﬂow ﬁrst degrades into the kinetic energy of random particle ﬂuctuations,
and then dissipates as heat because of inelastic collisions. Analogous to the thermo-
dynamic temperature for gases, the granular temperature can be introduced as a
measure of the particle velocity ﬂuctuation. The granular temperature conservation
equation is mentioned below. Granular temperature is deﬁned as
Θs =
1
3
〈υ′sυ′s〉. (6)
1540005-6
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Conservation of the kinetic energy of the moving particles is described based on
granular temperature Θs as
3
2
[
∂
∂t
(εsρsΘs) +∇ · (εsρsυsΘs
]
= τs : ∇υs −∇ · (kΘs∇Θs)− γΘs − φs. (7)
In the above equation, υs represents the ensemble averaged magnitude of solid phase
velocity, υ′s represents the magnitude of ﬂuctuating velocity of the solid particles. τs
is solid stress tensor, kΘs∇Θs is ﬂux of ﬂuctuating energy represents conduction due
to the gradient of granular temperature represents the diﬀusion of the energy, γΘs
is collisional dissipation of energy due to inelastic particle collisions. This term is
represented by the expression derived by Lun et al. [1984], φs is the transfer rate of
kinetic energy between ﬂuid–solid phases. kΘs, γΘs and φs equations are mentioned
in Eqs. (8)–(10), respectively.
kΘs =
150dpρs
√
Θsπ
384(1 + e)go(εs)
[
1 +
6
5
(1 + e)εggo(εs)
]2
+2dpρsε2s(1 + e)go(εs)
√
Θs
π
, (8)
γΘs =
12(1− e2s)gos
ds
√
π
ρsε
2
s
Θ3/2s , (9)
φs = −3βΘs. (10)
2.3. Solids pressure
The solid particles pressure is calculated independently and is used for the pressure
gradient term ∇Ps in the solid granular phase momentum equation (5). The solid
pressure is composed of a kinetic term and a second term due to particle collisions
as follows
Ps = εsρsΘs + 2ρs(1 + es)ε2sgo(εs)Θs, (11)
τs = εsµs(∇υs + (∇υs)T ) + εs
(
λs − 23µs
)
(∇ · υs) · I, (12)
τg = εgµg(∇υg + (∇υg)T )− 23εgµg(∇ · υg) · I, (13)
where Θs is the granular temperature, go(εs) is the radial distribution function
which depends on solids volume fraction (εs), and es is the coeﬃcient of restitution
for particle collisions. The coeﬃcient es = 0.9 is used in the simulations. The gran-
ular temperature Θs is proportional to the kinetic energy of the ﬂuctuating particle
motion. τs solid stress tensor can be expressed in Eq. (12) and (13) for gas–solid
system respectively.
Where µs and λs are the shear bulk and granular bulk viscosities in the solid
phase, dp is the particle diameter and π is the irrational number. The following
model is adopted from KTGF by Lun et al. [1984] granular Kinetic theory
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The following sub models used to account solid shear viscosity in the solid gran-
ular phase
Solids bulk viscosity, [Lun et al. (1984)]
λs =
4
3
εsρsdpg0(εs)(1 + es)
√
Θs
π
, (14)
Granular viscosity, [Syamlal et al. (1993)]
µs,kin =
εsρsds
√
Θsπ
6(3− es)
[
1 +
2
5
(1 + es)(3es − 1)εsg0(εs)
]
, (15)
Frictional viscosity, [Schaeﬀer (1987)]
µs,fr =
PsSinφ
2
√
I2D
, (16)
Collisional viscosity
µs,col =
4
5
εsρsdpg0(εs)(1 + es)
√
Θs
π
. (17)
The radial distribution function, g0(εs), that governs the transition from the
“compressible” condition with εs < εs,max, where the spacing between the solid
particles can continue to decrease, to the “incompressible” condition with εs >
εs,max where no further decrease in the spacing can occur. The radial distribution
function can be seen as a measure for the probability of inter-particle contact and
estimated by Eq. (18). The radial distribution function g0(εs) is a correction factor
that modiﬁes the probability of collision close to packing as suggested by Sinclair
and Jackson [1983]. εs,max is the maximum solids volume fraction for the packing
limit.
go(εs) =
(
1−
(
εs
εs,max
) 1
3
)−1
. (18)
2.4. Drag models
The mathematical formulations of the four drag models that have been used in this
work are shown below.
Gidaspow’s drag model [1994]
βWen−Yu =
3CDεsεgρg|υg − υs|
4dp
ε−2.65g , εg ≥ 0.8, (19)
βErgun = 150
ε2sµg
εgd2p
+ 1.75
εsµg|υg − υs|
dp
, εg < 0.8, (20)
CD =


24
Rep
[1 + 0.15(Rep)0.687], Rep < 1000,
0.44, Rep > 1000,
(21)
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Rep =
εgρgdp|υg − υs|
µg
, Particle Reynolds number. (22)
Arastoopour’s drag model [1990]
βgs =
(
17.3
Rep
+ 0.336
)
ρg|υg − υs|
dp
(1− εg)ε−2.8g . (23)
Syamlal–O’Brien [1989]
βgs =
3
4
εgεsρg
ν2rsdp
CD
(
Rep
νrs
)
|υg − υs|, (24)
CD =
(
0.63 +
4.8√
Rep/νrs
)2
, (25)
Rep =
ρgdp|υg − υs|
µg
, (26)
νrs = 0.5[A− 0.06Rep +
√
(0.06Rep)2 + 0.12Rep(2B −A) + A2], (27)
A = ε4.14g , B =
{
0.8ε1.28g for εg ≤ 0.85,
ε2.65g for εg ≥ 0.85.
(28)
Gibilaro’s drag model [1985]
βgs =
(
17.3
Rep
+ 0.336
)
ρg|υg − υs|
dp
(1 − εg)ε−1.80g , (29)
Rep =
εgρgdp|υg − υs|
µg
. (30)
Figure 1 shows the relationship between the ﬂuid–solid phase exchange coeﬃ-
cient, which is estimated for the available drag models in the literature as a function
(a) (b)
Fig. 1. Comparison of diﬀerent drag models for (a) 86µm particles, (b) 170µm particles, (c) 250µm
particles and (d) 853 µm particles at a slip velocity of 1.04 m/s.
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(c) (d)
Fig. 1. (Continued)
of solids volume fraction. For various drag models at ﬁxed slip velocity of 1.04m/s
and for the 86, 170 and 250µm particles used in the present study calculations of
Fig. 1. It is evident that the Arastoopour and Gibilaro drag models predict larger
values of gas–solids exchange coeﬃcient at higher values of solids concentration
compared to Syamlal–O’Brien and Gidaspow drag models. This means that the
Arastoopour and Gibilaro drag models-based predictions signiﬁcantly diﬀer near
the walls and drag coeﬃcient will have the greatest inﬂuence on the model. Fig-
ure 1(d) shows the quantitative comparison of various drag models at ﬁxed slip
velocity of 1.04m/s and for the 853µm particles used in the present study as part
of validation. There will be a slight diﬀerence between drag coeﬃcients at both low
and very high solid concentration zones for the coarsest particles, i.e., 853µm.
3. Simulation Strategy and Conditions
In this paper, simulations were run with two diﬀerent ICFB geometries having an
internal draft tube. First geometry, 2D ICFB is considered from Ahuja and Patward-
han, [2008] work, used for validation of the CFD model. The second geometry, 3D
ICFB of IITH’s, with 30 cm diameter ﬂuidization rig was used for parametric anal-
ysis. Ahuja and Patwardhan, [2008] experimented solid-gas ﬂow patterns in ICFB
with a small geometry (column 0.186m×1.2m with a draft tube of 0.10m×0.158m)
by considering a particular case partial sparging with a draft tube (see Fig. 2(a)),
2D simulations were performed using Eulerian–Eulerian TFM along with no-slip
boundary conditions for both phases at the ICFB walls. Solids volume fraction was
deﬁned as 0.62 with a maximum packing limit of 0.65. Simulation was initiated with
uniform inlet superﬁcial gas velocity of 1.041m/s.
In this work, the 3D geometry of ICFB (0.3m × 3.0m and draft tube 0.1m ×
0.9m) height draft tube was used shown in Fig. 2(b). Grid consists of total 46,536
nodes and two cell zones. The initial bed height of 0.86m was considered and the
initial solid volume fraction was deﬁned as 0.62 with a maximum packing of 0.65.
Simulation was initiated with uniform inlet superﬁcial gas velocity to the draft tube
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Fig. 2. Schematic diagrams of 2D ICFB: (a) Geometry and (b) grid and 3D ICFB: (a) Grid and
(b) geometry.
was set as 0.8, 1.25, 1.5 and 1.75m/s with a constant uniform gas velocity of 0.2m/s
as an input to the annular section.
Simulations were run using ANSYS’s FLUENT 12.1.3 software with a standard
k–ε model and Eulerain–Eulerian methods. Phase Coupled Semi Implicit Method
for Pressure Linked Equations (PC-SIMPLE), which is an extension of Semi Implicit
Method for Pressure Linked Equations (SIMPLE) algorithm to multiphase ﬂows,
was applied for pressure–velocity coupling. In this algorithm, the coupling terms
are treated implicitly.
The pressure velocity coupling which was based on total volume continuity and
the eﬀect of the interfacial coupling terms are completely incorporated into the
pressure correction equation. QUICK scheme is used for discretizing the governing
equations. A ﬁxed time stepping of 0.001 s was used to advance the solution time.
Table 1 shows a set of conditions and parameters used in simulations.
4. Results and Discussion
4.1. Grid independence check
Grid independence check was initially performed for 2D 186mm ICFB simulations.
Based on assessment of analytical gas–solid exchange coeﬃcient described in Fig. 1,
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Table 1. Simulation and model parameter.
Parameter description Value
Particle density 2500 (kg/m3)
Air density 1.225 (kg/m3)
Mean particle diameter 86,170 and 250 (µm)
Initial solid packing 0.62
Superﬁcial air velocity 0.8, 1.0, 1.25, 1.5, 1.75 (m/s)
Fluidized bed column dimension 0.3 (m)× 3.0 (m)
Static bed height 0.8 (m)
Restitution coeﬃcient 0.95
Boundary Condition Outlet-pressure, walls-No slip
Arastoopour drag-based CFD model simulations are run to test the grid indepen-
dence check. Four diﬀerent mesh sizes comprising 5000, 10,000, 30,000 and 70,000
nodes were used for this study. The simulated 2D ICFB results in terms of solids
hold-up by various grids are shown in Figs. 3 and 4. It is observed that simulations
having grid size 30k and above are predicting the solid volume fractions close to the
Ahuja’s experimental data. Grid consisting 5 and 10k are underpredicting the solid
volume fractions across the radial position. Hence grid size of 30k nodes is selected
as an optimum grid size for all 2D ICFB simulations.
Fig. 3. Solids hold-up proﬁles for partial sparging with a draft tube comparison of diﬀerent grid
sizes with Arastoopour drag model.
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Fig. 4. Solids hold-up proﬁles for partial sparging with a draft tube: Comparison of diﬀerent drag
models of 853µm particles with 30k grid.
4.2. 2D CFD predictions for 186mm ICFB and validation
In the current study, a number of momentum interface drag forces namely
Gidaspow, Syamlal–O’Brien, Gibilaro and Arastoopour drag models are tested and
compared with the Ahuja and Patwardhan [2008]’s experimental data to identify the
suitable drag model for modeling the turbulent ﬂuidization of gas–solid particles.
In the present work, consider the case of Ahuja and Patwardhan [2008] experi-
ments having partial and complete sparging for 2D-ICFB CFD runs operating at a
2.24m/s superﬁcial velocity.
The eﬀect of diﬀerent drag models on local solid hold-up at a superﬁcial gas
velocity of 2.24m/s, the restitution coeﬃcient 0.95, solid maximum packing of 0.65
at a height of h = 0.0465m are shown in Fig. 4. It is observed that the Gidaspow
and Syamlal–O’Brien drag models show the signiﬁcantly deviating volume fraction
values from experimental values. Arastoopour and Gibilaro drag models are pre-
dicting the solid volume fraction values much close to the experimental data. As
observed from Fig. 1, the Gidaspow and Syamlal–O’Brien drag models underpredict
the gas–solids interphase exchange coeﬃcient at higher solids concentrations com-
pared to the Arastoopour drag model. The drag forces accounted by Gibilaro [1990]
and Arastoopour et al. [1990] are reasonably accurate and thus close predictions to
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Fig. 5. The simulated solid volume fraction contours for various drag models for partially sparging
with a draft tube (Uo = 1.0425m/s). (a) Gibilaro drag model, (b) Gidaspow drag model, (c)
Syamlal–O’Brien drag model and (d) Arastoopour drag model.
experimental data were observed. The simulated results of the 2D ICFB are pre-
sented in Figs. 4 and 5 in terms of solid volume fraction redial proﬁles and contours.
In Figs. 5(a) and 5(b), comparison between various drag model predictions are made
based on mean solid volume fraction contours. These contours data is analyzed in
terms of expanded bed height and shape of ﬂuidization pattern in Fig. 5(b). The
Gibilaro and Arastoopour drag model prediction represents the low bed expansion
comparatively with other drag model predictions. The CFD models of Gidaspow
and Syamlal–O’Brien drag models predict lean solids zone just above the gas dis-
tributor as seen in Fig. 5, whereas Arastoopour and Gibilaro drag models predicts
dense zone at the bottom of draft tube which is just above the gas distributor.
4.3. 300mm ICFB 3D simulations
4.3.1. Pressure drop
The mean ∆P value is plotted to compare pressure diﬀerence at diﬀerent axial
locations in 3D ICFB column as shown in Figs. 6(a) and 6(b). The pressure drop in
the draft tube passed through minima with an increase of gas superﬁcial velocity.
In the low velocity region the pressure drop decreased steadily. After minimum
ﬂuidization stage, once transport of solids movement is upward then the pressure
drop decreases with an increase of superﬁcial velocity due to the lean solids hold-up
in the draft tube. The pressure drop at diﬀerent heights of draft tube is following
a decline trend with superﬁcial gas velocity except at location of 0.25m, which is
just above the air distributor. At a height of 0.25m location, part of draft tube gas
gets into bypassing towards annular region and the ∆P seems unchanged at this
gap area.
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(a) (b)
Fig. 6. Pressure drop versus draft tube veolcity for the silica particle size dp = 86 µm.
4.3.2. Solid circulation rate (Gs)
Solid recirculation rate Gs is an important parameter to design any ICFB reactor
with a suitable draft tube conﬁguration. The eﬀect of superﬁcal gas velocity (Uo)
on solid recirculation rate is shown in Fig. 7(a–c). Solids recirculation rate Gs is
actually calculated based on the product of mean volume fraction of solids, density of
solids and the solid velocity magnitude. Gs increases with Uo due to the increase in
the driving force for the circulation of solids between the draft tube and downcomer
and as a result an increased bed voidage is observed in the draft tube.
From Fig. 7(a), it can be observed that solids recirculation rate increases with
draft tube inlet velocity up to the velocity of 1.5m/s and then declained at higher
(a) (b)
Fig. 7. Solids circulation rate versus draft tube velocity: (a) 86 µm, (b) 170µm and (c) 250 µm.
1540005-15
In
t. 
J. 
Co
m
pu
t. 
M
et
ho
ds
 D
ow
nl
oa
de
d 
fro
m
 w
w
w
.w
or
ld
sc
ie
nt
ifi
c.
co
m
by
 D
r. 
M
an
ga
do
dd
y 
N
ar
as
im
ha
 o
n 
04
/0
6/
15
. F
or
 p
er
so
na
l u
se
 o
nl
y.
2nd Reading
March 31, 2015 12:27 WSPC/0219-8762 196-IJCM 1540005
R. Gujjula & N. Mangadoddy
(c)
Fig. 7. (Continued)
Fig. 8. Contour plot of solids volume fraction with diﬀerent gas velocities of silica particles of
size 86µm at a constant annulus input velocity (with Arastoopour drag model) Ua = 0.2m/s. (a)
Ud = 0.8m/s, (b) Ud = 1.25m/s, (c) Ud = 1.5m/s and (d) Ud = 1.75m/s.
velocities. However, at higher superﬁcial gas velocity, Gs decreases due to more
air bypass from the draft tube to the annular region and also the rate of entrain-
ment is more towards the annulus region. The air inlet velocity to the draft tube
is maintained higher than the annulus inlet velocity, which makes the density dif-
ference between annular and draft tube to increase at higher velocity. This might
be providing the driving force for the solids recirculation between the draft tube
and the annular section. Further it is also observed in Figs. 7(a)–(c), that the solid
curculation rate of smaller particles steeply increases with the increase of superﬁcial
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velocity than the coarser size particles. This is due to the resistance of small particles
entering the draft tube through the gap opening is smaller than the large particles,
thus more particles would enter the draft tube at the same velocities. And also less
momentum is required for transport of the smaller particles in the draft tube to the
annular bed column.
4.3.3. Mean volume fraction countor plots
Using the Arastoopour drag-based CFD model, predicted contours of solid phase
volume fractions are shown in Figs. 8–10 for 86, 170 and 250µm size silica par-
ticles at gas superﬁcial velocities at 0.8, 1.25, 1.5 and 1.75m/s, respectively. The
bed expansion height for diﬀerent size particles is clearly distinguished from these
contour plots. Figure 8 displays the simulation results for particle size of 86µm. It
is found that the bed expansion is minimum at low superﬁcial gas velocities. There
exist a dense phase zone in the lower part of the ICFB and a dilute phase zone in the
upper zone. However, the dense phase bed level decreases gradually with increasing
superﬁcial gas velocity from 0.8 to 1.75m/s. As shown in Figs. 8(a)–(d), the solid
distribution in the draft tube is signiﬁcantly nonuniform. In case of 250µm size
particles as expected, the height of the bed expansion is lower compared to 170 and
Fig. 9. Contour plot of mean solids volume fraction with diﬀerent gas velocities of silica particles
size 170µm at constant annulus input velocity Ua = 0.2m/s (with Arastoopour drag model). (a)
Ud = 0.8m/s, (b) Ud = 1.25m/s, (c) Ud = 1.5m/s and (d) Ud = 1.75m/s.
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Fig. 10. Contour plot of mean solids volume fraction with diﬀerent gas velocities of silica particles
size 250µm at constant annulus input velocity Ua = 0.2m/s (with Arastoopour drag model).
(a) Ud = 0.8m/s, (b) Ud = 1.25m/s, (c) Ud = 1.5m/s and (d) Ud = 1.75m/s.
86µm particle proﬁles due to the increased eﬀective weight of the coarse particles.
The bed density in the bottom down corner has increased from average values of
0.28 to 0.45 solids volume fraction levels for 86 to 250µm sized particles respec-
tively. From Figs. 9 and 10 it is observed that the dynamics of bed are signiﬁcantly
eﬀected by particle size and gas superﬁcial gas velocities.
4.4. Granular temperature profiles
The granular temperature concept was ﬁrst introduced into the literature by Lun
et al. [1984]. The granular temperature is computed by solving a ﬂuctuating kinetic
energy equation for the particles as already discussed in the KTGF model in Sec. 2.
The solid viscosity and granular pressure are computed as a function of granular
temperature (Θ) in the CFD model itself, which are two kinds of turbulence in
ﬂuidization [Gidaspow et al. (2004)]. These two kinds of turbulence give to two
kinds of mixing: one at the level of particles and other mixing at the level of bubbles
or clusters. The classical or laminar granular temperature (Θ) is due to random
oscillations of individual particles and turbulent granular temperature (Θt) is caused
by the motion of clusters of particles or bubbles. The turbulent granular temperature
is deﬁned as the average of the normal Reynolds stresses [Jung and Gamwo (2005)]
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which is the average of the three squares of the velocity components in the three
directions by using the following deﬁnition.
Θt =
1
3
υ′xυ′x +
1
3
υ′yυ′y +
1
3
υ′zυ′z. (31)
Total granular temperature is the sum of laminar granular temperature (Θ)
equation (32) and turbulent granular temperature
Θtotal = Θ+Θt. (32)
4.4.1. Particles granular temperatures
Total granular temperature computed according to Eq. (32) for diﬀerent superﬁcial
velocities and particle sizes. The bigger sized particles gave a low granular tem-
perature due to the lower particle velocity ﬂuctuations. At the wall, the granular
temperature decreases, because of the wall frictional resistance for the particles. At
the center of draft tube riser, the solid–solid interactions due to solid collisions were
also low because of the low solid volume fraction. In the above draft tube section
of the ICFB, the solid volume fraction decreases and causes the solid collisions to
dominate the system.
Figure 11 shows the predicted solids granular temperature at superﬁcial gas
velocity of 1.25m/s for diﬀerent size range of solid particles (86, 170 and 250µm).
The predicted results indicate that the smaller solid particles have a high ﬂuctu-
ating velocity. The bigger size solid particles have low granular temperature due
to the small ﬂuctuating velocities. The particle ﬂuctuating energy per unit of mass
increased from the center of the draft tube towards the walls. At the wall, the gran-
ular temperature shows lower values because of the wall frictional eﬀects. At the
Fig. 11. Granular temperature proﬁles for 86, 170 and 250 µm particles at a velocity 1.25m/s.
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Fig. 12. Comparison of the theoretical granular temperatures derived in this study and those
experimentally derived in the literature.
center of the draft tube, the particle–particle interactions due to particle collisions
were also low because of low solid volume fraction.
Comparison of the computed total granular temperatures with literature-based
experimental data for CFB [Chalermsinsuwana et al. (2011), Gidaspow and Mostoﬁ
(2003), Polashenski and Chen (1999)] is shown in Fig. 12. It is interesting to observe
the variations of predicted granular temperature at diﬀerent superﬁcial velocities in
the draft tube riser. A reasonable correct trend is shown between the predicted total
granular temperature and the experimental data obtained by Benjopan et al. [2011].
There is a good agreement between the simulation results of 3D ICFB computational
domains and with the experimental results from the literature at low solid volume
fractions too. The total granular temperature tends to increase with increasing
solids concentrations (ε < 0.1) in the dilute region and decreases with an increase
of solids concentration in the dense region (ε > 0.1). In the dense zone, the decrease
in the granular temperature is mainly due to the reduction of the mean free path
of the solid particles. As the zone becomes that of the packed bed (high solids
concentration), the granular temperature becomes very lean. Our predicted trends
and magnitude of the total granular temperature agree with experimental data.
5. Conclusion
The hydrodynamic characteristic of 2D and 3D ICFB reactors gas–solid ﬂow was
studied by an Eulerian–Eulerian CFD model with the stress closer from KTGF.
Four diﬀerent drag models were considered for the simulations. Syamlal and
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O’Brien, Gidaspow, Arastoopour and Gibilaro drag models are implemented into
Fluent through the user deﬁned functions (UDF). 2D simulation of an ICFB with
polypropylene particles was run based on Ahuja and Patwardhan [2008] experi-
mental case. Grid independence check is made with four grid sizes. The resulting
hydrodynamic properties from 2D simulations are compared to Ahuja and Patward-
han [2008] experimental data. The simulation results by four diﬀerent drag models
show that the Arastoopour [1990] and Gibilaro drag models [1985] can accurately
predict the ﬂow pattern, voidage proﬁles and velocity proﬁles in the ICFB. With the
Arastoopour drag model the simulations are giving the best ﬁts to the experimental
data. Further the CFD strategies on large scale for 3D ICFB, the comprehensive
simulations data analysis is made with respect to scale-up design. The draft tube
superﬁcial gas velocity and the solids circulation rate have signiﬁcant eﬀect dis-
tribution of the solid volume fraction in each region. Increasing the draft tube
superﬁcial gas velocity can decreases solids volume fraction in the draft tube but
has little eﬀect in the annulus zone. The total granular temperature (Θ total) tends
to increase with increasing solids concentrations (ε < 0.1) in the dilute region and
decreases with an increase of solids concentration in the dense region (ε > 0.1). In
the dense zone, the decreasing trend in the granular temperature is mainly due to
the reduction of the mean free path of the solid particles.
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